Profilins are actin binding proteins, which also interact with polyphosphoinositides and proline-rich ligands. On the basis of the genome sequence, three diverse profilin homologues (PFN) are predicted to exist in Caenorhabditis elegans. We show that all three isoforms PFN-1, PFN-2, and PFN-3 are expressed in vivo and biochemical studies indicate they bind actin and influence actin dynamics in a similar manner. In addition, they bind poly(L-proline) and phosphatidylinositol 4,5-bisphosphate micelles. PFN-1 is essential whereas PFN-2 and PFN-3 are nonessential. Immunostainings revealed different expression patterns for the profilin isoforms. In embryos, PFN-1 localizes in the cytoplasm and to the cell-cell contacts at the early stages, and in the nerve ring during later stages. During late embryogenesis, expression of PFN-3 was specifically detected in body wall muscle cells. In adult worms, PFN-1 is expressed in the neurons, the vulva, and the somatic gonad, PFN-2 in the intestinal wall, the spermatheca, and the pharynx, and PFN-3 localizes in a striking dot-like fashion in body wall muscle. Thus the model organism Caenorhabditis elegans expresses three profilin isoforms and is the first invertebrate animal with tissue-specific profilin expression. Cell Motil.
INTRODUCTION
Profilin is a central protein in actin cytoskeletal dynamics that is abundantly expressed in many organisms. Next to the well-characterized mammalian profilins [Di Nardo et al., 2000; Lambrechts et al., 2000a; Witke, 2004] , profilins have been studied in lower eukaryotes such as Saccharomyces cerevisiae [Magdolen et al., 1988; Haarer et al., 1990] , Schizosaccharomyces pombe [Balasubramanian et al., 1994] , Dictyostelium discoideum [Haugwitz et al., 1991] , Acanthamoeba castellanii [Ampe et al., 1985 [Ampe et al., , 1988 , in nonvertebrates such as Drosophila [Cooley et al., 1992] , in plants [Valenta et al., 1991; Staiger et al., 1993] , and in Vaccinia virus [Blasco et al., 1991] . In general, profilins vary considerably in their primary structures, with only few residues conserved among all profilins. In spite of this variation, crystal structures show that the overall fold is well conserved [Thorn et al., 1997; Eads et al., 1998 ].
Accordingly, biochemical studies indicated that all known profilins bind actin and influence actin polymerization [Carlsson et al., 1977; Schluter et al., 1997; Lu and Pollard, 2001 ] (and references therein). In vitro experiments suggest a dual activity for profilin with respect to actin dynamics. When barbed ends are free, profilins accelerate actin assembly by desequestering actin monomers from the actin-thymosin b4 pool and presenting them to the free barbed ends. On the other hand, profilins behave as sequestering proteins when barbed ends are capped [Pantaloni and Carlier, 1993; Kang et al., 1999] . In addition, profilins promote in vivo nucleotide exchange on actin monomers [Wolven et al., 2000; Lu and Pollard, 2001] .
Furthermore, with the exception of Vaccinia profilin and mouse profilin IIb [Machesky et al., 1994; Di Nardo et al., 2000] , all profilins bind proline-rich sequences and interactions with enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins, Wiskott-Aldrich syndrome protein (WASP) family members and formins have been described [Reinhard et al., 1995; Imamura et al., 1997; Watanabe et al., 1997; Suetsugu et al., 1998; Lambrechts et al., 2000b] . The proline binding residues [Mahoney et al., 1997] are strongly conserved in all known profilins [Thorn et al., 1997] . Another group of profilin ligands are the polyphospho-inositides such as phosphatidylinositol 4,5-bisphosphate (PI-4,5-P 2 ) and phosphatidylinositol 3,4,5-trisphosphate (PI-3,4,5-P 3 ) [Lassing and Lindberg, 1985; Machesky et al., 1990; Haugwitz et al., 1991; Haarer et al., 1993; Machesky et al., 1994; Lu et al., 1996] .
The role of profilin in actin dynamics and the results from gene disruption studies in different organisms suggest an essential role for profilin in the cell. In mouse, gene disruption of profilin I leads to lethality during early embryogenesis [Witke et al., 2001] , probably caused by a cell division defect. In addition, gene disruptions of profilin in Dictyostelium and Schizoaccharomyces result in impaired cytokinesis [Balasubramanian et al., 1994; Haugwitz et al., 1994] . In the latter organism profilin localizes specifically to the medial region of dividing cells, where the contractile ring forms [Balasubramanian et al., 1994] . In organisms expressing more than one isoform, profilins may have different biological functions. Acanthamoeba profilins have different subcellular localizations [Haugwitz et al., 1994; Bubb et al., 1998 ] and mammals also express several isoforms. In both organisms the profilins have distinct biochemical properties [Machesky et al., 1990; Lambrechts et al., 2000a; Hu et al., 2001] and may have different cellular functions [Da Silva et al., 2003; Neuhoff et al., 2005] .
Mining the Caenorhabditis elegans (C. elegans) genome using vertebrate or nonvertebrate profilin sequences yields three profilin (PFN) isoforms. PFN-1 is required for assembly of cortical microfilaments [Severson and Bowerman, 2003] and was shown to be involved in cytokinesis and to genetically interact with the formin Cyk-1 [Severson et al., 2002] . The other two isoforms are hypothetical forms in the C. elegans database (www.wormbase.org). Unlike vertebrate profilin I, IIa, and IIb, which show at least 61% similarity [Lambrechts et al., 2000a] , the C. elegans profilins show intermediate to low similarity to each other. Potentially, C. elegans would be the first invertebrate animal that expresses three such diverse profilins. We show that all three isoforms PFN-1, PFN-2, and PFN-3 are expressed in vivo and that they behave as classical nonvertebrate profilins with respect to actin sequestering, influence on actin dynamics and poly(L-proline), and PI-4,5-P 2 binding [Lassing and Lindberg, 1985; Lambrechts et al., 2002] . Gene knock-out of PFN-2 and PFN-3 suggest these isoforms are not essential. In vivo localization of these three profilins revealed a diverse expression pattern, suggesting different biological functions.
AC and CGCGGATCCGCGTCACTTAAGAAAAGA-ATG for PFN-2, and CTGAACATGCCATGGCCT-CGTGGTCTGATATTATC and CGCGGATCCGCG-TCAGTACTTGATGGACC for PFN-3. We cloned the cDNAs of PFN-1, PFN-2, and PFN-3 in the NcoI/BamHI sites of the pET11d plasmid. Proteins were expressed in E. coli strain MC1061 harboring pT7POL26 [Mertens et al., 1995] . Cell pellets were collected by centrifugation and washed with buffer A (20 mM Tris-HCl (pH 8.1), 1 mM EDTA, and 5 mM dithiotreitol). Cells were resuspended in buffer A, lysed using a French press, and centrifuged at 32,000 rpm for 1 h. The cleared supernatants was loaded on a poly(L-proline)-CNBr Sepharose column. After washing the column with buffer A, profilin was eluted with increasing concentration of urea (3, 5, and 8 M in buffer A). The profilin-containing fractions were dialyzed in a stepwise fashion in decreasing concentration of urea to refold the protein. The protein was further purified using gel filtration [Lambrechts et al., 1995] . We determined protein concentrations by alkaline hydrolysis and ninhydrine reaction.
Biochemical Methods
Interaction With Actin. a-Actin was purified from rabbit skeletal muscle [Spudich and Watt, 1971] with modifications [Van Troys et al., 1996] and pyrene labeled at Cys 375 using the protocol of Brenner and Korn [Brenner and Korn, 1983] . We determined the equilibrium dissociation constant of the profilins for actin using a sequestration assay with gelsolin capped filaments [Pantaloni and Carlier, 1993] . In experiments with uncapped filaments [Pantaloni and Carlier, 1993] , the samples were allowed to reach steady state by overnight incubation at room temperature before the relative fluorescence was measured using a Hitachi F-4500 spectrophotometer (excitation, 365 nm; emission, 388 nm).
For time-course experiments, we incubated 10 lM actin (5% pyrene labeled) in G-buffer (5 mM Tris-HCl [pH 7.7], 0.2 mM ATP, 0.2 mM dithiothreitol, 0.1 mM CaCl 2 ) in the presence of different profilin concentrations indicated in the legend of Fig. 2 , for 30 min at room temperature. Then MgCl 2 and KCl were added (final concentration of 2 and 100 mM, respectively) to induce actin polymerization, which was measured fluorimetrically as a function of time.
PI-4,5-P 2 and Poly(L-proline) Binding Assays. For the gel filtration experiment, we incubated profilin (10 lM) for 30 min on ice with different concentrations of PI-4,5-P 2 in micelles (see legend Fig. 3A) . Next, the samples were separated on a Superdex 75 gel filtration column (Smart, Pharmacia). The apparent M r of profilin shifts after binding with phospholipid micelles. The height of the peak of free profilin was used to calculate the percentage of bound profilin in each sample [Lambrechts et al., 2002] .
Interaction with PI-3,4,5-P 3 micelles (Sigma) was monitored with Trp fluorescence. We incubated PFN-1, PFN-2, and PFN-3 (16 lM) for 15 min at room temperature with different concentrations of these micelles and measured changes in intrinsic fluorescence of Trp (excitation, 290 nm; emission, 300-450 nm) using fluorimetry. For each profilin, we determined the wavelength for which the protein alone showed maximal fluorescence and calculated the difference in relative fluorescence for profilin with increasing PI-3,4,5-P 3 concentrations at that wavelength (347.6 nm for PFN-1, 334.8 nm for PFN-2, and 338.2 nm for PFN-3).
PI-4,5-P 2 /poly(L-proline) competition: we preincubated 10 lM profilin with a 6-fold molar excess of PI-4,5-P 2 for 30 min on ice and loaded the sample (300 ll) on 250 ll of poly(L-proline) CNBr-Sepharose column equilibrated with buffer A. After washing the column with 500 ll of buffer A, profilins were eluted with 500 ll of 8 M urea in buffer A. In the control experiment, 300 ll of 10 lM profilin without PI-4,5-P 2 was loaded on the column, washed with buffer A, and eluted with 8 M urea in buffer A. The presence of profilin in the flow through, in the wash, and in the eluate with 8 M urea was monitored on SDS-PAGE and quantified using density scanning (Total Lab).
Surface plasmon resonance experiment [Jonckheere et al., 1999] : we immobilized chemically synthesized biotinylated Caenorhabditis elegans enabled (CeEna) peptides on an SA streptavidin chip (BIAcore) (for sequences see Table II ) and tested binding by sending different concentrations of profilin isoforms over the sensor chip in 0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% polysorbate. For each concentration, the response values, in arbitrary units, are listed in Table II. Antibody Purification, Immunostaining, and Phalloidin Staining Antibodies against recombinant PFN-1 (no. G316), PFN-2 (no. G322) and PFN-3 (no. G321) were raised in rabbits (Centre d'economie rurale, laboratoire d'hormonologie animale, Marloie). Antibodies were affinity purified and tested by Western blotting and ELISA on purified recombinant profilins. Anti-PFN-2 and anti-PFN-3 antibodies were further adsorbed with acetone-fixed powder of the pfn-2 and pfn-3-null mutant worms respectively to remove nonspecific reactivity as described by Miller and Shakes [Miller and Shakes, 1995] .
We prepared worm lysates that were used for immunoblotting, as described previously [Ono and Ono, 2002] . Briefly, C. elegans of mixed developmental stages were suspended in SDS-lysis buffer (2% SDS, 80 mM Tris-HCl, 5% b-mercaptoethanol, 15% glycerol, 0.05% bromophenol blue, pH 6.8) and lysed by sonication and incubation at 978C for 2 min.
Immunostaining of worm embryos were performed using two methods. For PFN-1 and PFN-2, embryos were obtained by a hypochlorite/NaOH lysis of adults [Epstein et al., 1993] , fixed for 15 min at room temperature with 4% formaldehyde in 13 cytoskeleton buffer (10 mM MES-KOH, 138 mM KCl, 3 mM MgCl 2 , and 2 mM EGTA, pH 6.1) containing 0.32 M sucrose, permeabilized with methanol for 5 min at À208C, and stained with antibodies diluted (1/250) in PBS containing 1% bovine serum albumin, 0.5% Triton X-100 and 30 mM glycine. For PFN-3, embryos were obtained by cutting gravid adults on poly-lysine-coated slides, freeze-cracked as described [Epstein et al., 1993] , fixed with methanol for 5 min at À208C, and stained with antibodies diluted (1/250) in PBS containing 1% bovine serum albumin. Immunostaining of adult worms was performed as described by Finney and Ruvkun [1990] .
In addition to the anti-profilin antibodies, we used the following mouse monoclonal antibodies: anti-vinculin (MH24), anti-a-actinin (MH40) [Francis and Waterston, 1985 ] (gifts of Dr. Michelle Hresko, Washington Univ., St. Louis, MO), anti-myoA (clone 5.6) [Miller et al., 1983] , (gifts of Dr. Henry Epstein, University of Texas Medical Branch, Galveston, TX), and anti-actin (C4; ICN Biomedicals). Secondary antibodies used were Alexa488-labeled goat anti-mouse IgG (Molecular Probes) and Cy3-labeled goat anti-rabbit IgG (Jackson ImmunoResearch Labratories). To stain DNA, 4 0 6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was included in the solution of secondary antibodies at 0.1 lg/ml.
Filamentous actin was visualized by staining worms with tetramethylrhodamine-phalloidin (Sigma-Aldrich), as described previously [Ono, 2001] .
Promoter-GFP Fusion Analysis
The pfn-1 promoter sequence (2920 bp) was amplified from wild-type N2 genomic DNA by PCR using Y18D10A-A (5 0 -CGTTTGCAGCTCCGTTTTA-3 0 ) and Y18D10A-B (5 0 -AGTCGACCTGCAGGCATGCAAGC-TTTTGTGTTTTGGAGGAGGTTG-3 0 ). The green fluorescent protein (GFP) coding sequence was amplified from pPD95-67 (provided by Dr. Andrew Fire, Stanford University, Stanford, CA) and fused to the promotor by fusion PCR, as described by Hobert [Hobert, 2002] . The nested primer for the promoter was Y18D10A-A 1 (5 0 -TCCAAGTTTTCTTTCTTTTTCCC-3 0 ). The fusion construct was co-injected with pCeh-361 (a dpy-5 rescuing plasmid as a transgenic marker) into the dpy-5(e907) mutants, and transgenic animals were isolated as described previously [Zhao et al., 2004] .
RNA Interference of Worms
Wild-type strain N2 was obtained from Caenorhabditis Genetics Center (Minneapolis, MN). The pfn-2-null allele F35C8.6(ok458)X was isolated and provided by the C. elegans Gene Knockout Project at Oklahoma Medical Research Foundation, which is part of the International C. elegans Gene Knockout Consortium. The pfn-3-null allele K03E6.6(tm1362)X was isolated and provided by Dr. Shohei Mitani's National Bioresource Project (Tokyo Women's Medical University, Tokyo, Japan).
The full-length cDNA of PFN-2 and PFN-3 were cloned in the restricted RNA interference vector L4440 (provided by Dr. Andrew Fire, Stanford University, Stanford, CA) between the two T7 promotors. RNA interference (RNAi) was performed by feeding, using the technique described by Timmons [Timmons et al., 2001 ] under conditions as described previously [Ono and Ono, 2002] .
A motility assay was performed as described previously [Epstein and Thomson, 1974] . Briefly, adult worms were placed in M9 buffer (22 mM KH 2 PO 4 , 42 mM Na 2 HPO 4 , 85.5 mM NaCl, and 1 mM MgSO 4 ). Then, one beat was counted when a worm swung its head to either left or right. The total number of beats in 30 sec was recorded. This monitoring and the counting of the brood size were measured for worms incubated at different temperatures, as indicated in Table III .
RESULTS

C. elegans Expresses Three Profilin Homologues
Based on the genome sequence, three profilin homologues are predicted in the C. elegans database corresponding to clone numbers Y18D10A.20, F35C8.6, and K03E6.6 1 . Y18D10.20 was previously described as pfn-1 [Severson et al., 2002] . We designate the other profilins as pfn-2 and pfn-3, respectively (Suppl. Fig. 1 ). pfn-1 is located on chromosome I, while pfn-2 and pfn-3 are linked on the left arm of the X chromosome (Suppl. Fig. 3 ). Interestingly, the number of exons differs among the pfn genes (Suppl. Fig. 3 ). We note that the gene sequence of pfn-2 in Wormbase contains two, in frame, ATG codons close to each other, resulting in predicted proteins of $19 and 14 kDa. We think that the second ATG codon (predicted Met-39) preferentially serves as start codon for translation of PFN-2. This is supported by our immunoblot data (see below) and the sequences of the EST clones, since none of them extends to the pre-1 GenBank submission: AY530908, AY530909, and AY530910, resp. dicted first start codon, whereas most of them contain the second ATG.
We aligned the amino acid sequences of the C. elegans profilins to each other and to profilins from other species and performed phylogenetic analysis (Suppl. Fig.  2 ). PFN-1 and PFN-2 are most similar (58%) whereas the similarity between these two forms and PFN-3 (25 and 28%) is not significantly higher than the similarity with profilins from other species. We note that the similarity between profilins from the same species is usually relatively high (between 40 and 84%) and therefore they cluster together in phylogenetic trees. C. elegans PFN-3 seems to form an exception here. Its primary structure clusters with the one from Entamoeba histolytica profilin. The similarity of all three C. elegans profilins was however sufficiently high to construct 3-D models using the crystal structure of Acanthamoeba castellanii profilin IA as a template [Fedorov et al., 1994] . Despite, the low degree of similarity modeling was straightforward, suggesting that these proteins adopt the profilin fold (Suppl. Fig. 4) . Comparison of the sequences and of these structures readily indicated that the potential poly(L-proline) binding residues are conserved [Mahoney et al., 1997; Eads et al., 1998 ]. Information on the identity of actin binding residues is available from the bovine actin-profilin crystal structure [Schutt et al., 1993] and is mapped for various profilins by mutagenesis studies [Lu and Pollard, 2001 ] (and references therein). There is, however, little conservation between these residues with those in nonvertebrate profilins (see Suppl. Fig. 1 ). Also information on the identity of nonvertebrate profilin residues involved in PI-4,5-P 2 -binding is limited, in part because PI-4,5-P2 interaction seems to involve different residues [Lambrechts et al., 2002; Skare et al., 2002] (see also below). In view of this, and the fact that in recent years a number of other proteins with a profilin-like architecture but without profilin-like function have been identified [Tochio et al., 2001; Qian et al., 2005] , it is important to show that these three C. elegans proteins have biochemical properties typical of profilins. Therefore, we biochemically characterized each of them.
We expressed PFN-1, PFN-3, and the profilin-like domain of PFN-2 in E. coli and purified them using poly(L-proline) affinity chromatography [Lambrechts et al., 1995] . PFN-1 was eluted in the 3 M urea fraction, whereas PFN-2 and PFN-3 were eluted with 5 M urea. We affinity purified polyclonal antibodies that displayed no cross-reactivity with the other PFN isoforms on Western blot (Fig. 1A) , and used these to probe the presence of the isoforms in C. elegans lysates. Figure 1B shows that C. elegans expresses each of the three profilins. The anti-PFN-2 antibody recognized a single band with the same apparent molecular weight as the recombinantly produced form. In addition its size was similar to those of other profilins, suggesting that the longer form of PFN-2 is rare or does not exist.
The Three Profilin Homologues Bind Actin and Influence Actin Polymerization in a Similar Manner
To assess actin binding capacity of the profilin homologues, we first probed their influence on salt induced actin polymerization using fluorimetry (Figs. 2A-2C). Actin monomers were incubated without or with profilin at different concentrations. For each of the profilins, we observed an increased lag phase with increasing concentration of profilin, suggesting inhibition of nucleation. In all cases, the amount of F-actin formed decreased with increasing profilin concentration, indicative of sequestering activity.
In addition, we determined the equilibrium dissociation constant for the actin-profilin interaction using an actin sequestration assay with capped filaments [Pantaloni and Carlier, 1993] . Although this is an indirect assay that may underestimate equilibrium dissociation (K d )- values [Vinson et al., 1998 ] it shows that the C. elegans profilins have comparable micromolar affinities for Gactin (Table I) . We also investigated the effect of the profilins on actin polymerization in the presence of thymosin b4, when barbed ends are free. Similar results were obtained for the three profilin isoforms (see Fig.  2D , for PFN-2 and data not shown). Thymosin b4 and the tested profilins exhibited nonadditive sequestering effects, and the concentration of unpolymerized actin was lower in the presence of both profilin and thymosin b4 (Fig. 2D, curve 4) than that in the presence of thymosin b4 alone (Fig. 2D, curve 2) . These results suggest all three C. elegans profilins are not simple actin-sequestering agents, but like other profilins can add actin-profilin complexes to free fast growing ends [Pantaloni and Carlier, 1993; Kang et al., 1999] .
The C. elegans Profilin Homologues Interact with Medium Affinity to Proline-Rich Peptides
The profilin purification method already revealed the poly(L-proline) binding capacity of the three C. elegans profilins (Table I) . To investigate this property further, we used surface plasmon resonance with various chemically synthesized biotinylated proline-rich peptides derived from a potential C. elegans profilin interaction partner: Ce-Ena (UNC-34, (uncoordinated), Y50D4C.1) [Yu et al., 2002] on streptavidin sensor chips. All three profilins interact with medium affinity, with the two longer proline-rich peptides (peptide 1 and peptide 2(A þ B)) (Table II) . This is comparable to the binding affinity of human profilin I for these peptides. We consistently observed that PFN-1 displayed the lowest binding capacity to these peptides, in agreement with the lower urea concentration needed in the purification protocol. Additionally, the response unit (RU)-values for the shorter peptides 2A and 2B, representing two halves of peptide 2(A þ B), were very low and the sum of the RU's for peptide 2A and peptide 2B was significantly lower than the RU-value measured for binding to peptide 2(A þ B). This suggests some co-operativity in binding of C. elegans profilins to the longer peptide 2 (A þ B) . In neither case, the maximum levels of theoretical response (RU max ) were reached, and so we were unable to determine the stoichiometry of profilin-peptide complexes.
The C. elegans Profilin Homologues Interact with PI-4,5-P 2
Next, we studied PI-4,5-P 2 binding in a gel filtration assay, using a constant amount of each isoform and series of PI-4,5-P 2 -concentrations (Fig. 3A) . In all the cases, the amount of bound profilin increased with increasing PI-4,5-P 2 -concentration. We calculated that 50% of PFN-1, PFN-2, or PFN-3 is bound to PI-4,5-P 2 -micelles in the presence of 14, 15, and 7 lM PI-4,5-P 2 , Different concentrations of actin filaments alone (curve 1) or incubated with thymosin b4 (5 lM) (curve 2), profilin (5 lM) (curve 3), or thymosin b4 and profilin (curve 4) were allowed to reach steady state before measurements. The symbols represent the actual data points. respectively (Table I) , suggesting PFN-3 has a slightly higher affinity for PI-4,5-P 2 -micelles. In addition, we studied the interaction with PI-3,4,5-P 3 using changes in intrinsic Trp-fluorescence (Fig. 3B) . Each of the PFN isoforms interact with PI-3,4,5-P 3 micelles.
Mutually exclusive binding between poly(L-proline) and PI-4,5-P 2 has been described for mammalian profilins using affinity chromatography [Lambrechts et al., 1997] . Here we perform a similar assay. In a control experiment, PFN-1, PFN-2, and PFN-3 without PI-4,5-P 2 were loaded on a poly(L-proline) column, and after washing eluted with 8 M urea (Fig. 4) . Each of the profilins was fully recovered in the urea eluate. We next preincubated each of the profilins with PI-4,5-P 2 , choosing a condition where most of the protein molecules are associated with the micelles (i.e. a 6-fold molar excess of PI-4,5-P 2 based on the experiment in Fig. 3A) , and loaded the sample onto the poly(L-proline) column. The profilins are now recovered in the flowthrough and wash fractions. The amount eluted with 8 M urea is significantly reduced compared with that with the control (Fig. 4) . These data indicate that binding of PFN-1, PFN-2, or PFN-3 to PI-4,5-P 2 (micelles) and poly(L-proline) is mutually exclusive.
PFN-2 and PFN-3 are not Essential for Viability of C. elegans PFN-1 plays an essential role in the cell, since RNAi of this isoform results in a strong cytokinesis [Lambrechts et al., 1995] .
c [Eads et al., 1998 ]. The interaction between the proline-rich peptides and the profilin isoforms is expressed in surface plasmon resonance response units. The peptides are derived from Ce-Ena (UNC-34, Y50D4C.1a) and are numbered according to their position in the protein sequence. ND indicates not determined, [max] is the maximal concentration used, 92 lM for PFN-2, 126 lM for PFN-1, and 190 lM for human profilin I, respectively. Fig. 3 . C. elegans profilins bind to poly-phosphoinositides. (A) We examined by gel filtration the interaction between PI-4,5-P 2 and PFN-1 (circle), PFN-2 (blocks) or PFN-3 (triangle). The percentage of PI-4,5-P 2 -bound profilin is plotted vs. PI-4,5-P 2 concentration. The curves for PFN-2 and PFN-1 nearly coincide. The concentration of PI-4,5-P 2 , for which 50% of profilin is bound to PI-4,5-P 2 micelles (C 50% ), is a measure for the affinity and is shown in Table I . The curves, fitted with Graphpad (one phase exponential association, nonlineair regression), had a goodness of fit (R 2 ) of at least 0.96. (B) We examined the interaction between PI-3,4,5-P 3 and PFN-1 (circle), PFN-2 (blocks) or PFN-3 (triangle) by measuring the changes in intrinsic relative fluorescence (RF) of Trp in function of total PI-3,4,5-P 3 concentration. defect (''Cyk'' phenotype) [Severson et al., 2002] (Wormbase: [Kamath et al., 2003] ). To examine the biological functions of PFN-2 and PFN-3, we characterized null and RNAi phenotypes of pfn-2 and pfn-3. pfn-2(ok458) has a deletion of 2.2 kb that removes all the exons (Suppl. Fig. 3) . A deletion in pfn-3(tm1362) spans 0.8 kb that eliminates part of the promoter region, exon 1, and intron 1 (Suppl. Fig. 3 ). Homozygous pfn-2(ok458) and pfn-3(tm1362) animals lack the PFN-2 and PFN-3 proteins, respectively, without significantly altering the levels of the other isoforms (Fig. 5A, lanes 2 and  3) , and are considered null alleles for each gene. We found that RNAi of pfn-2 effectively knocked down PFN-2 (Fig. 5A, lane 5) , while RNAi of pfn-3 did not affect the PFN-3 level (data not shown). We additionally performed pfn-2(RNAi) on the pfn-3(null) background to eliminate two PFN isofoms (Fig. 5A, lane 7) . All these mutant worms with or without the RNAi treatments are viable and showed no apparent phenotypes under a dissecting microscope. However, quantitative determination Fig. 4 . PI-4,5-P 2 and poly(L-proline) compete for profilin binding. In the control experiment, we used profilin without PI-4,5-P 2 and observed for each isoform no profilin in the flow-trough or in the wash fraction. The total amount of profilin, eluted with 8 M urea, was set at 100%. We incubated PFN-1, PFN-2, or PFN-3 with micellar PI-4,5-P 2 and passed the sample over a poly(L-proline) column. PFN-1, PFN-2, and PFN-3 were partly recovered in the flow-through and the wash fraction. lane 7) were examined by Western blot with antibodies against PFN-1, PFN-2, PFN3, or actin. PFN-2 was not detectable in the pfn-2(null) mutant and pfn-2 (RNAi) worms (lanes 2, 5, and 7), and PFN-3 was absent in the pfn-3(null) mutant (lanes 3, 6, and 7). The levels of PFN-1 and actin were not different among these worms. (B) Organization of the muscle structures in mutant or RNAi-treated worms. Striations of actin in the muscle structures are compared after phalloidin staining of the different worms grown at 208C. WT: wild-type C. elegans, pfn-2(null): pfn-2 null mutant, pfn-3(null): pfn-3 null mutant, WT; control RNAi: wild-type worm transfected with RNAi vector, WT; pfn-2(RNAi): RNAi of pfn-2; pfn-3(null), control RNAi: pfn-3 null mutant transfected with RNAi vector, and pfn-3(null); pfn-2(RNAi): pfn-3 null mutant with RNAi of pfn-2. Pfn-3 null mutants have wider actin bundles and in combination with RNAi of pfn-2 irregularities in actin striations.
of worm motility and brood size at 15, 20, or 258C (Table III) revealed that brood size was reduced in the pfn-3(null) worms at 158C and the pfn-3(null) worms with control RNAi or pfn-2(RNAi) at 258C and that worm motility was slightly slower in the pfn-3(null) worms at 20 or 258C. No alteration in the F-actin organization in body wall muscle (Fig. 5B) , pharynx, intestine, vulva, gonad, and embryos (data not shown) was detected in these worms at three different temperatures except for the pfn-3(null) worms treated with pfn-2(RNAi) that had subtly altered muscle structure with wider actin striations (Fig. 5Bg) . This phenotype was observed in 10-20% of the worms and may explain why no major defects in motility were detected (Table III) . In summary, silencing of PFN-1 [Severson et al., 2002] and our results suggest that C. elegans expresses one essential (PFN-1) and two nonessential profilins, PFN-2 and PFN-3.
Developmental and Tissue-Specific Expression of the Profilin Isoforms
We probed expression of profilins using the affinity-purified isoform-specific antibodies (see Fig. 1A ). Although anti-PFN-2 and anti-PFN-3 antibodies showed specific reactivity for respective isoform on Western blot of total C. elegans lysates, they had some reactivity to null mutants in immunofluorescent staining. Therefore, these antibodies were additionally adsorbed to acetone fixed powders of pfn-2 and pfn-3 null mutant worms respectively to ascertain the specificity of these antibodies. These treatments significantly reduced nonspecific staining of the respective null mutant (Figs. 6 and 7 , and data not shown).
In embryos, PFN-1 and PFN-3, but not PFN-2, were detected by immunostaining, and they were expressed in different patterns (Fig. 6 ). Consistent with a previous report [Severson et al., 2002] , we detected expression of PFN-1 from early embryonic stages (Fig.  6A) . At the two-cell-stage embryo, PFN-1 showed diffuse staining in the cytoplasm and localized to cell-cell contacts where it colocalized with actin (Fig. 6A) . During the late embryonic stage and in the L1 larva, PFN-1 was found in the nerve ring (Fig. 6A) . By contrast, staining for PFN-3 was negative in early embryos but detected specifically in body wall muscle cells from the 1.5-fold stage ($350 min after the first cell division) [Epstein et al., 1993] and persisted through embryogenesis (Fig. 6B, upper panel) . Note the absence of staining in the pfn-3 null mutants and that, in these embryos, organization of a muscle-specific myosin heavy chain MyoA appears normal (Fig. 6B, lower panel) .
All three isoforms are expressed in adult worms. Immunostaining of adult worms with anti-PFN-1 antibody showed diffuse staining throughout the body (data not shown). However, we do not have a pfn-1-null mutant to test the specificity of the antibody, and there are not many alternative protocols for whole-mount staining of adult worms to optimize the staining conditions. Therefore, we additionally tested the activity of the promoter region of the pfn-1 gene using GFP as a reporter (Fig. 7A) . The pfn-1 promoter activity was found in many neurons (Figs. 7Aa-7Ac), vulva (Fig. 7Ad) , spermatheca and myoepithelial sheath of the proximal ovary (Fig. 7Ae) . Immunofluorescent staining of PFN-2 was strong in the intestinal wall, the spermatheca, and the pharynx (Fig. 7B) . The pfn-2 promoter-GFP reporter assay confirmed its expression in the intestine (Johnsen et al., unpublished data). In the pharynx, PFN-2 was diffusely localized to the cytoplasm of the pharyngeal cells but did not overlap with vinculin staining, which is generally known to concentrate beneath the plasma membrane. Immunostaining showed PFN-3 was specifically expressed in body wall muscle and localized in a striking dot-like fashion in the dense bodies (Fig. 7C) . When the dense bodies were viewed vertically to the plasma membrane (Fig. 7Ca-f, top) , PFN-3 colocalized with a-actinin and vinculin. However, when they were observed laterally (Fig. 7Ca-f, side) , PFN-3 partially colocalized with a-actinin and localized adjacent to vinculin. Since vinculin is closer to the plasma membrane than that of a-actinin in the dense bodies [Francis These measurments were performed at the indicated temperatures. WT: wild-type C. elegans, pfn-2(null): pfn-2 null mutant, pfn-3(null): pfn-3 null mutant, WT; control RNAi: wild-type worm treated with the RNAi vector with no insert; WT; pfn-2(RNAi): RNAi of pfn-2, pfn-3(null); control RNAi: pfn-3 null mutant treated with the RNAi vector with no insert; and pfn-3(null); pfn-2(RNAi): pfn-3 null mutant with RNAi of pfn-2.
and Waterston, 1985], PFN-3 is located at the cytoplasmic tips of the dense bodies (Fig. 7C , schematic representation on the right). As expected, these dot-like staining patterns of PFN-3 were absent in the pfn-3 null mutants (Fig. 7C) . Interestingly, the vinculin localization was slightly altered in the mutants, and some neighboring vinculin spots appeared merged (Fig. 7C, lower panels) . The pfn-3 promoter::GFP fusion construct yielded no expression (data not shown), suggesting that an additional enhancer element may be required for its expression or an inhibitory cis-element may be contained in the construct. The patterns of expression and localization of PFN-1 and PFN-3 in the pfn-2 and of PFN-1 and PFN-2 in the pfn-3 null mutants were indistinguishable from those in wild type (data not shown), suggesting that the functions of the three profilins are largely independent of each other. Thus immunolocalization of the profilin proteins revealed diverse expression patterns for the three C. elegans profilin isoforms, implicating different biological functions for the three profilins.
DISCUSSION
In this study, we demonstrate that the three C. elegans profilins PFN-1, PFN-2, and PFN-3 are expressed in vivo and that in spite of the high sequence diversity they are bona fide profilin isoforms. They have conventional profilin-like activities with regard to actin binding In contrast to PFN-1, actin is also highly enriched in the membrane region of the cells. In the larval stage (d-f), PFN-1 is expressed in the nerve ring (d) where it also colocalizes with actin (e and f). In the merged pictures (c and f), profilin is red, actin is green, and DAPI stain is blue. (B) PFN-3 expression in body wall muscle starts during embryogenesis, persists through embryonic development and is shown here at the 3-fold stage (a-c). MyoA ((b and e), green in merged pictures (c and f)), a myosin heavy chain, is a marker for the body wall muscle of C. elegans (scale bar, 10 lm). Fig. d-e illustrates the absence of PFN-3 expression (d) in the body wall muscle in pfn-3 null mutants. , green in merged picture (c)) and localize adjacent to vinculin ((e), green in merged picture (f)). Dense bodies were viewed vertically to the plasma membrane (top) or laterally (side). Schematic representation of relative locations of PFN-3, a-actinin, and vinculin is shown on the right. This dot-like structure is no longer observed in pfn-3 null mutants (g) (scale bars: Fig. 7A , 50 lm; Figs. 7B and 7Cg-Ci, 10 lm; Figs. 7Ca-7Cf, 5 lm). In the merged pictures, PFN is shown in red (Figs. 7Bd, 7Cc , and 7Cf). and polymerization and they interact with PI-4,5-P 2 micelles and proline-rich peptides.
Poly(L-proline) binding of PFN-1, PFN-2, and PFN-3 is consistent with the conserved nature of the residues known to interact with poly(L-proline) [Mahoney et al., 1997] and also with our structural models in which these side chains are positioned at equivalent positions (supplemental data). Severson et al. [2002] demonstrated an yeast two-hybrid interaction between PFN-1 and the proline-rich formin homology 1 (FH1) region of Cyk-1. We extend this observation in two ways. We demonstrate binding to proline-rich peptides derived from C. elegans Ena and that all three isoforms have comparable affinities for proline-rich sequences. This contrasts the situation in mammals, where a 100-fold difference in poly(L-proline) binding affinity between profilins I and IIa is observed [Lambrechts et al., 2000a] . Note that, despite the moderate affinity, our results suggest cooperativity in binding to the proline-rich peptides. Such co-operativity has not been described yet for invertebrate profilins but is similar to observations for mammalian profilin IIa [Jonckheere et al., 1999; Lambrechts et al., 2000a] .
Like other profilins, the three C. elegans profilins interact with micelles of PI-4,5-P 2 or PI-3,4,5-P 3 [Machesky et al., 1994; Lu et al., 1996; Lambrechts et al., 1997] , with PFN-3 displaying a slightly higher affinity. In addition we show, for the first time, mutually exclusive interaction of invertebrate profilins with PI-4,5-P 2 and poly(L-proline).
C. elegans profilins display diverse expression patterns during embryogenesis and in adults. Such an isoform-specific expression for actin binding proteins in C. elegans is not unprecedented. UNC-60A and UNC-60B are actin depolymerizing factor/cofilin isoforms, of which the latter is expressed in body wall muscle, vulva, and spermatheca while the former is ubiquitously expressed [Ono et al., 2003] . The tissue-specific expression suggests the isoforms are involved in different biological functions. PFN-1 is required for embryonic cytokinesis [Severson et al., 2002] consistent with its localization at the cleavage furrow (Fig. 6A) . A role for profilins in cytokinesis may be common in protozoans, yeast, and animals. In Tetrahymena, profilin was also observed at the cleavage furrow [Edamatsu et al., 1992] and in Schizosaccharomyces it was found in the medial region of the cell, where the F-actin contractile ring forms [Balasubramanian et al., 1994; Pelham and Chang, 2002] . Gene disruption of profilin in Dictyostelium, Saccharomyces, Drosophila, and mouse also results in impaired cell division [Haarer et al., 1990; Cooley et al., 1992; Haugwitz et al., 1994; Witke et al., 2001 ], indicating certain profilin isoforms are essential in this process. Severson et al. [2002] observed two phenotypes upon RNAi inhibition of PFN-1 in embryos. Polarization of the anterior-posterior axis is disrupted and the cells have aberrant furrow ingression. Both processes are microfilament dependent and on the basis of our biochemical data it is tempting to speculate that the promotive effect of PFN-1 on elongation of actin is crucial in forming these filaments. Additionally the polyproline binding capacity of PFN-1 may be important in cytokinesis. Two proteins with such sequences have been shown to be involved in cytokinesis CYK-1 and WSP-1 [Hu et al., 2001; Withee et al., 2004] . However, the fact that in the CYK-1 mutants, used by Severson [Severson et al., 2002] , the proline-rich region was still present suggests that the combined actin binding activity of PFN-1 and CYK-1 may prevail in this process [Kovar et al., 2003; Li and Higgs, 2003] .
Our experiments indicate that the three C. elegans profilins have similar biochemical properties and one would therefore expect that PFN-2 and PFN-3 should be able to rescue the lethal phenotype. Since we were unable to demonstrate the presence of the two latter isoforms in early embryos, this absence, or the too low expression levels, may simply explain the lack of rescue of silencing PFN-1. Intriguingly, another protein, tetrathymosin b, with profilin-like activity is expressed in the dividing zygote [Van Troys et al., 2004] but neither is it able to overcome the lethal effects of PFN-1 silencing.
Our RNAi experiments and the results from the null mutants suggest that PFN-2 and PFN-3 are not essential. The absence of visible phenotypes for the pfn-2 null mutant may result from redundancy with PFN-1. Indeed PFN-1, which appears diffusely expressed in most of the nonmuscle tissues of the adult worm, may compensate for the function of PFN-2. Alternatively, PFN-2 may have a very specific but nonessential function. PFN-3 has a striking body wall muscle specific staining pattern, which cannot be found for the other isoforms. The disorganization of the muscle actin structure, especially visible in PFN-2 silenced pfn-3 null mutant (Fig. 5B) , is possibly linked to altered vinculin organization (Fig. 7C) , since vinculin is the major component of the dense bodies [Barstead and Waterston, 1989] that are believed to be the anchoring point of the actin barbed ends. However, these defects do not appear to influence motility to a great extent.
The possible different biological functions may involve interactions with specific ligands. Although our results did not show striking differences in these interactions, we suspect that the profilin isoforms have preferential binding partners but that specificity is in part governed by tissue specific expression. This is similar to the situation in mammals where next to general profilin I expression, certain tissues have one additional isoform for instance, profilin IIa appears to be a neuronal form [Di Nardo et al., 2000; Lambrechts et al., 2000a] . As mentioned above the interaction between CYK-1 and PFN-1 was described [Severson et al., 2002] . It will be interesting to investigate whether CYK-1 also interacts with PFN-2 and PFN-3. Other potential binding proteins with long proline-rich sequences, such as formins, CeEna and WASP-family members exist, or, are predicted to exist in C. elegans. A recent paper showed that UNC-34 and WSP-1 or UNC-34 and WVE-1 play a role in morphogenesis [Withee et al., 2004] . These proteins may be likely partner proteins for PFN-1 at this stage of development. Characterization of their interaction with profilin and their colocalization in cells will shed light on the cellular function and regulation of profilins.
